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Abstract Light alloys like aluminum and its alloys have
excellent physical and mechanical properties for a number
of applications. The use of aluminum alloys can signifi-
cantly decrease the mass of automobiles without decreas-
ing structural strength. Therefore, the reason of this work
was to determine the optimal cooling rate values, to
achieve good mechanical properties for protection of this
aluminum cast alloy from losing their work stability, and to
make it more resistant to action in hard working conditions.
The carried out investigations have allow to found that
changes in the cooling rate do not cause changes in the
phase composition, revealing the Al2Cu and Al5FeSi phase
especially, but only changes the morphology of a ? b
eutectic as well as the particle size and secondary dendrite
arm spacing. As a result, the number of fine crystals in per
unit volume increases, leading to a fine grain structure,
which influences the recalescence temperature. The pur-
pose of this research work is to investigate the thermo-
derivative interdependencies occurred in analyzed alu-
minum cast alloys using Universal Metallurgical Simulator
and Analyzer. For the investigation, the cast AlSi9Cu
aluminum alloy was used. As a result of this research, the
cooling rate influence on the structure and mechanical
properties changes was investigated. The cooling rate was
set in a variable range of 0.16–1.25 C s-1, where the
cooling rate of 0.16 C s-1 corresponds to freely cooling,
without any forced air flow.
Keywords Methodology of research  Metallography 
Thermo–derivative analysis  Aluminum alloys  Structure
Introduction
Among the most commonly used cast aluminum alloys are
the alloys with silicon, traditionally called silumins. These
alloys due to its mechanical properties, excellent castabil-
ity, and corrosion resistance are primarily used in engi-
neering and automotive industry. Cast aluminum–silicon
alloys were divided into hypo-eutectic with a Si concen-
tration from 4 to 10 mass%, near eutectic with a Si con-
centration of 10–13 mass%, and hyper-eutectic with a Si
concentration of 17 to 26 mass%. The addition of silicon
that consists of alloying elements, which are as follows: Cu
(0.5–5 mass%), Mg (0.2–1.5 mass%), Ni (0.6–3 mass%),
and Mn (0.2–0.5 mass%). The two-component cast alu-
minum–silicon alloys used in industrial practice contain
silicon in a concentration close to the eutectic
(10–13 mass% Si). These alloys have optimum cast prop-
erties due to eutectic crystallization at a constant temper-
ature, which affects the good castability of the molten
metal and the formation of shrinkage during the casting
process. In addition, they exhibit low shrinkage during the
crystallization of the casts, of approximately 1.15 %, and
thus insensitivity to tears and other cast defects. The dis-
advantage of this group of cast aluminum–silicon alloys is
pure workability and lower than expected mechanical
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properties of the hypo-eutectic alloys. In their structure,
irregular eutectic plates with a few original silicon pre-
cipitates occur. Eutectic morphology can be changed by
reducing the concentration of silicon and thermal or
chemical modification [1–9, 20–24].
Paramount types of aluminum cast alloys with silicon
are ternary alloys Al–Si–Cu. The cast aluminum–silicon
alloys containing copper, silicon also reveal double
eutectic a ? Al2Cu, a ? b, and a ? triple eutectic Al2-
Cu ? b. The Al2Cu intermetallic phase occurs at a con-
centration of from 0.2 to 1 mass% Cu. The maximum
solubility of copper—4.8 mass% occurs in the eutectic
temperature and decreases to zero at room temperature.
The variable solubility of copper in aluminum allows the
occurrence of precipitation hardening. Crystallization of
ternary alloys, Al–Si–Cu, proceeds similar for binary
alloys, after crystallization of the Al–Si eutectic and a ? b
at a temperature of approximately 525 C begins to crys-
tallize the triple eutectic a ? b ? Al2Cu. The addition of
copper moves the eutectic point toward lower concentra-
tion of silicon [1–9, 20–24]. Copper and magnesium are
incorporated into the Al–Si alloys to perform heat treat-
ment of the casts and a precipitation hardening, thereby
improving their mechanical properties. In the ternary alloys
of Al–Si–Cu, magnesium concentration was found in the
range from 1 to 5 mass%. Due to the silicon concentration
ranging from 4 to 9 mass%, the alloys are hypo-eutectic
alloy. A decrease in the silicon concentration in the ternary
alloys of Al–Si–Mg and Al–Si–Cu extends the solidifica-
tion temperature range while also affecting the deteriora-
tion of the casting, as it makes them a tendency to
shrinkage porosity, hot cracking, and reduce castability [1–
9, 20–24]. Copper and magnesium are added in order to
improve their mechanical properties and fatigue after
solution and artificial aging. The operation is carried out to
impregnate and homogenize the structure of the solid
solution enriched with magnesium, silicon, and copper and
rebuild the structure formed by the silicon precipitates in
the eutectic structure of the casts, because during annealing
at a temperature of supersaturation, changes occur con-
cerning the preferred b phase crystal morphology, which
depends on their spheroidization. This makes it possible to
obtain good plastic properties despite the increase in the
casting due to the strengthening of the solid solution by a
phase precipitation hardening. After solution, artificial
aging at a temperature of 150–180 C for 4–8 h is carried
out, during which a supersaturated of a solid solution take
place to obtain the state of equilibrium by binding Cu and
Mg atoms in the stable phases Mg2Si and Al2Cu.
Under real conditions, crystallization of aluminum
alloys is slightly different from the data presented in the A
l-Si Al–Si phase equilibrium diagram, which is a binary
system with eutectic and limited solubility of the compo-
nents in the solid state. The reason for this deviation is
mainly a much faster crystallization of the melt than the
corresponding crystallization according to the equilibrium
conditions. This faster crystallization has the right to
change the morphology of the structure of a ? b eutectic
or a shift of characteristic points in the phase equilibrium
diagram, due to pressure increase during the crystallization
of the alloy [1–6]. Knowing the crystallization itself is
crucial because of changes in the structure depending on
the solidification conditions and chemical composition,
which determines the mechanical and functional properties,
critical to choose the right substrate for further treatment.
Change of crystallization kinetic is caused by different
cooling rates and influences the crystallization overcooling
grade of the a solid solution and a ? b eutectic, these
changes can be found in the microstructure as well as in
different mechanical properties of the Al–Si–Cu aluminum
cast alloys. Exact knowledge of the cooling rate influence
of the sand casts on structure and temperature of the phase
transformations, while non-equilibrium crystallization
allows to perform an optimization of the production pro-
cess. The above-mentioned premises makes it possible to
state that the actually studying subject matter concerning
crystallization kinetics of the Al–Si–Cu aluminum cast
alloys can be considered as up to date not only because of
the scientifically point of view, but also for the reason of
practical application of the elaborated results [1–18].
Crystallization of the liquid alloy occurs from the liquid
state to the liquidus line, that is, to the beginning of the
crystallization and then crystallization of the eutectics and
intermetallic phases occurs to the point where the alloy is
solid—the solidus line according to the equilibrium dia-
grams [1–3, 9–18].
For this reason on the crystallization, curie occurs some
characteristic inflection points coming from exothermic or
endothermic reactions of the crystallizing phase transfor-
mations. It is hard to determine unequivocally the crys-
tallization temperature of the phases occurred on the
crystallization curve. The determination is possible using
the first derivative curve of the cooling line in function of
time that mines using the differential ATD curve also
called derivative curve.
The general equation, describing (Table 1) the crystal-





m  cp  a tð Þ  T  T0ð Þ þ
KK







where cp—heat capacity, m—mass of the crystallized
metal, T—temperature at time dt, T0—environment
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temperature, A—sampler surface, KK—crystallization
constant, and z—nucleus number.
This investigation can have practical implications, for
example, in the metal casting industry, for improvement of
component quality that depends mainly on better control
over the production parameters. This original work also
provides a better understanding of the thermal character-
istics and processes occurred in the near-eutectic AlSi9Cu
alloy. The achieved results can be used for liquid metal
processing in science and industry and obtaining of a
required alloy microstructure and properties influenced by
proper production conditions.
Experimental
The investigations have been carried out on test pieces of
aluminum alloy (Table 1).
For performing the thermal analysis and solidification
process, the UMSA (Figs. 1, 2) device was used with low-
density ceramic crucibles for improving the thermal inertia
of the system. The performance of the expression thermal
analysis requires a subsequent remelting, heating, and
cooling of the sample with an appropriate cooling rate.
The cooling rate was calculated based on the following
relationship:
CR ¼ TND  TSol
Dt
ð2Þ
where TND—nucleation temperature of the a phase den-
drites, TSol—solidus temperature, and Dt—crystallization
time.
Samples of circular shape with a mass of 135 g were
induction-heated to a temperature of 750 ± 3 C in gra-
phite crucibles using the inductor (Fig. 1) powered by the
generator (Fig. 2). For ensuring an appropriate cooling
rate, the samples were cooled by compressed air through
the nozzles placed in the inductor (Figs. 1, 2).
The intensity of the cooling airflow was controlled
experimentally using the rotameter. Adequate air flow rates
were determined experimentally and applied for the entire
experiment. The cooling rate was set experimentally to
low = 0.16 C s-1 and high = 1.25 C s-1. For tempera-
ture measurement, a chromel–alumel thermocouple was
applied, placed in a thermal node (determined experimen-
tally) in the middle of the sample.
The test was repeated eight times for each cooling rate
for ensuring a statistical evaluation of the obtained test
results. After the registration of the cooling curve T = f(t),
the data were further proceeded, e.g., differential calcula-
tions and approximation for the reason to determine the
differential curve. For this operation, the software Orig-
inLab Pro 8.0 as well as the installed differential-approx-
imate filters was used, where the approximation Savitzky–















Fig. 1 Ideological scheme of the UMSA Thermal Analysis Platform
experimental setup: 1 low thermal mass thermocouple, 2 heating and
cooling coil, 3 thermal insulation, 4 steel foil, 5 test sample, 6 ceramic
base
2 3 4 1
Fig. 2 UMSA apparatus, 1 sample chamber, 2 supervisory computer,
3 temperature control, 4 gas flow control
Table 1 Chemical composition of investigated alloy/mass%
Type of material Chemical composition of the alloy/mass%
Al Zn Mn Si Mg Fe Cu Ti
Aluminum alloy—AlSi9Cu 88.86 0.15 0.37 9.1 0.27 0.18 1.05 0.02
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The measurement and registration of the temperature




¼ f 0 tð Þ ð3Þ
were performed in steps dt = 0.2 s using a built-in ana-
log–digital converter in the USMA device. After the
registration of the cooling curve T = f(t), the obtained
data were further calculated, i.e., using differentiation and
estimation for the reason of a determination of the dif-
ferential curve. During the expression thermal analysis,
points describing thermal processes occurring during
crystallization of the alloy were determined, which have
high importance for defining specific temperature and
time values of the obtained expression thermal analysis
curves.
For statement of the interdependence between the
chemical composition and the microstructure of the
AlSi9Cu aluminum cast alloy, cooled with different cool-
ing speed, following investigations were made:
• structural studies using light microscopy MEF4A
supplied by Leica together with the image analysis
software, as well as structural and chemical analysis
using a high-resolution scanning electron microscope
ZEISS SUPRA 35 equipped with an electron gun and
column of the type FEG GEMINI, detector of the in-
lens type for secondary electron detections, as well as
backscattered electrons detector system EDAX XM4
TRIDENT consisting of energy-dispersive spectrome-
ter, EDS (energy-dispersive X-ray spectrometer), ded-
icated software, ICDD database (the International
Centre for Diffraction Data); diffraction investigations
and the thin foil structure investigations were per-
formed on an transmission electron microscope JEM
3010UHR from the JEOL company with an accelerat-
ing voltage of 300 kV. The samples for optical
microscope studies were etched using 0.5–2 mL
hydrofluoric acid in 100 mL distilled water,
• for the reason to perform the analysis of the phase
composition, the X-ray diffraction qualitative analysis
of the investigated materials was performed using the
XPert diffractometer supplied by Philips, by a steep
recording with a steep of 0.05 and count time of
5–10 s, using filtering of the X-ray radiation Ka1, with
a wavelength of k = 1.54056 nm coming from a lamp
with copper anode,
• expression thermal analysis using the UMSA thermo-
simulator (Figs. 1, 2),
• hardness was measured using the Rockwell hardness
tester supplied by Zwick ZHR 4150.
Investigation results
Expression thermal analysis
During the expression thermal analysis, points describing
the thermal processes occurring during crystallization of
the alloy were determined, which have obtained precise
signification, defining the value of the temperature and
time of the thermo-derivative curves. Representative
thermo-derivative curves together with selected points
describe the thermal processes taking place during the
crystallization, which is shown in Figs. 3, 4. Characteristic
points: I, II, III, IV, V, VI, VII, VIII, which, when projected
onto a cooling curve, and then the temperature axis allows
to determine the temperature of phase transformation
occurring during crystallization. Points describing the
thermal processes taking place during the crystallization
were determined using a geometric structure developed by
Schultze [19]. The characteristic point of the thermal
changes occurred during the crystallization process defined
as the point of intersection of the tangent at the inflection
point of the curve with the base curve, or as a point
obtained by extrapolation of the straight sections in the
expression thermal analysis (Figs. 3, 4; Table 2).
On the basis of the thermal analysis of the derivative
curve, and designated as characteristic points, it was found
that at the TDN temperature, the nucleation process of the a
phase dendrites begins, as the matrix phase, within which
the next phase will be the next to crystallize. It is presented
in the derivative curve as a slight inflection in point I and a
temporary decrease in the cooling rate of the melt (point
II). Thermal effects associated with the nucleation process
provide additional heat to the remaining liquid. However,
the cooling heat balance is negative. The heat supplied by
the nuclei of the a phase is disproportionately smaller than
the heat transferred to the environment by the cooling
metal and causes only inhibition of the cooling rate of the
remaining liquid. This process continues until reaching the
minimum crystallization temperature of the dendritic a—
phase Tdmin, wherein the nuclei are formed reaching the
critical value, and where the process of crystal growth of a
phase dendrites starts (section III).
A differential curve at this point is set to zero. The heat
of crystallization of the remaining liquid is heated to the
temperature TDKP, wherein the formed and freely growing
a phase dendritic crystals begin contact with each other
inside some of the closing surfaces of the remaining liquid.
A further crystal growth causes a temperature to increase to
the maximum value of the crystallization temperature of a-
phase, TG (point IV). The chemical composition of the
residual liquid varies according to the liquidus line on the
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Al–Si diagram. The liquid is enriched with silicon, and
after a temperature TE(Al?Si)N, nucleation of a ? b eutectic
(point V) occurs. Upon further cooling of the remaining
liquid, it is overcooled by the valued describe with the term
DTE = TE(Al?Si)-TE(Al?Si)min and then begins the growing
of the eutectic a ? b (point VI). The temperature is raised
to the maximum crystallization temperature of the eutectic
TE(Al?Si)G (point VII), in which a persistent spontaneous
precipitation of the a- and b-phases occurs. Further cooling
the melt causes crystallization of the phase rich in copper,
iron, and magnesium that produce additional crystallization
heat, which is visible on the differential as apparent ther-
mal effects (point VIII).
Based on the results of the analysis of the cooling rate of
the investigated alloys, it is clear that the temperature does
not significantly influence the value of a phase nucleation
temperature. Increasing the cooling rate from 0.16 to
1.25 C s-1 will reach the nucleation temperature of the a
phase according to the line of the liquidus of the AlSi9Cu
phase equal to 578 C. As a result of measurement of the
minimum and maximum crystallization temperature of the














































Fig. 3 Cooling curves,
crystallization curves and base
line of the AlSi9Cu alloy cooled














































Fig. 4 Cooling curves,
crystallization curves and base
line of the AlSi9Cu alloy cooled
with 1.25 C s-1
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temperature decreases with increasing copper concentra-
tion. For the investigated alloys, where the concentration of
copper is 1 mass%, it was found that there was a reduction
in the minimum crystallization temperature of 476–468 C.
To generalize, it can be concluded that the increase in the
cooling rate for the investigated alloys does not increase the
temperature of the a phase dendrites nucleation; however,
the nucleation temperature of the eutectic a ? b signifi-
cantly decreases the solidus temperature.
The presented characteristic points describing the ther-
mal processes occurring during crystallization of the
investigated alloys using the differential calculations
determine the:
• local extreme points of the function (3)—point III;
place of where the function achieves the value zero
points: II, IV, V and characteristic changes of the
function (3) shape points: I, III, VI, VII, VIII.
Structural analysis
As a result of the carried out investigations concerning the
elements distribution using quantitative X-ray microanal-
ysis, by appliance of EDS spectrometer, the presence of the
main alloying elements Al, Si, Cu, Mg, and Fe as com-
pounds of the cast AlSi9Cu aluminum alloy cooled with
the assumed in the experiment cooling rates was confirmed
(Figs. 5, 6), providing information about the mass and
atomic concentration of each element in the tested places
and microareas of the matrix and precipitates.
Microstructural observations performed using scanning
electron microscopy and quantitative EDS microanalysis,
which confirms the presence of the a ? b eutectic in the
investigated alloys and suggest that triple eutectic like
a ? Al2Cu ? b also occurs (Fig. 5). Moreover, in the
investigated alloys, multieutectics were also observed,
Table 2 Description of the characteristic points of the cooling curves presented in Fig. 3, 4
Points on the
diagram
Description Temperature/C, cooled with
0.16 C s-1 1.25 C s-1
I TDN nucleation temperature. The point at which starts the nucleation of the
dendrites a phase in the investigated aluminum alloys. This point is
determined by the intersection of the tangent to the straight stretch of the
crystallization curve to the base curve
560 561
II Tdmin temperature of the begin of the crystal growth (dendrites of the a
phase). Point at which the formed nuclei reach a critical value and a
dendritic a phase crystal growth occurs. At this point, the first derivative of
the cooling curve reaches a value zero. From this time, occurs an increase
in the latent heat of the crystallization process of the dendritic a phase
557 560
III TDKP the point at which in a phase dendrites the liquid melt become a
coherent. In this point, the second derivative of the cooling curve reaches a
value of zero. A method of determining the point of a phase dendrite
coherence is detailed described in works [2, 3, 20]
561 562
IV TG temperature of the end of the crystal growth (a phase dendrites). The
point at which occurs a stable growth of the dendritic a phase. At this point,
the derivative of the cooling curve and reaches zero similarly as at the point
where occurs an increase in the latent crystallization heat. In this point, the
crystallization of the Al5FeSi phase occurs [25, 26]
564 563
V TE(a?b) nucleation temperature of eutectic a ? b. The point at which
nucleation of the eutectic a ? b starts. This point is determined by the
intersection of the tangent drawn to the straight line of the differential
curve, where the maximum cooling rate occurs after a maximum thermal
effect of the crystallization of the a phase dendrite
563 564
VI TAl?Si?Cu temperature of crystallization of the Al2Cu phase and a ? b
eutectics. The point, where the crystallization of triple eutectics begins
540 539
VII TAl?Si?Cu?Mg temperature of crystallization of the Mg2Si phase and eutectic
a ? b. Point, where begins the crystallization of triple eutectics begins
523 528
VIII TSol temperature of the end of crystallization. The point where the ends of
multicomponent eutectic crystallization occur and where the alloy is fully
crystallized. From this point, transformations in the solid state can only take
place due to the decreasing solubility in aluminum with decreasing
temperature
479 467
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most likely of the a ? Al2Cu ? Mg2Si ? b, in which the
occurrence in this group of alloys is presented in the lit-
erature [2–4, 21–24], (Figs. 5, 6).
Investigations that were carried out reveal that a sig-
nificant Al2Cu and Mg2Si phase concentration occurs in
form of conglomerates, which confirms the crystallization
sequence (a ? Al2Cu ? Mg2Si ? b) of the mixture of
phases visible on the derivative curves (Figs. 6–10). It was
state, as a result of thin foil investigation on transmission
electron microscope, that the structure of the investigated
alloys cooled with the applied cooling rates during the tests
is mainly composed of Al2Cu (Fig. 7) phase precipitations,
with a morphology depending on chemical composition, as
well on the cooling rate value. As a result of thin foil
investigation on the transmission electron microscopy was
confirmed the presence of the b-Si phase in the structure of
cast AlSi9Cu aluminum alloys cooled with the cooling
rates used in this experiment, these precipitates are dis-
tributed in the matrix, in form of large agglomerates of a
lamellar or fibrous eutectic particles forming the a ? b
grains (Figs. 7, 8). Moreover, the investigations of thin
foils reveal the presence of non-uniformly distributed
precipitates of the Al5SiFe phase (Fig. 9), forming spher-
ical conglomerates of fine precipitates having an average
diameter of *15 lm. Precipitations of this phase are likely
a compound and structural component of the ternary
eutectic crystallizing in the final stage of the crystallization
process.
In Fig. 11 are presented the X-ray diffractions of the
investigated alloy, cooled with the assumed cooling rates.
Using X-ray qualitative and quantitative diffraction meth-
ods, it was found that in the studied materials, the a-Al as
the alloy matrix, b-Si phases as well as the Al2Cu phase are
present. Using the X-ray diffraction method, it was not
possible to detect the other precipitates, which can indicate
that the proportion of these phases in the investigated
alloys is below the detection level of this method and is less
than 3 %. As a result of phase and chemical composition
investigations of the cast AlSi9Cu aluminum alloy, dif-
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Fig. 5 a Structure of the cast aluminum alloy AlSi9Cu cooled with a rate of 0.16 C s-1; EDS pointwise analysis of the investigated aluminum
cast alloy, b marker 1, c marker 2, d marker 3





Fig. 6 Area analysis of
chemical elements alloy
AlSi9Cu cooled with a rate of
0.16 C s-1: image of
secondary electrons (A) and




















(c)(b)(a)Fig. 7 Thin foil structure from
the cast aluminum alloy
AlSi9Cu cooled with a rate of
0.16 C s-1: a bright field
image of the Al2Cu phase,
b dark field image of the Al2Cu
phase particle, c diffraction
pattern from the area in (a) and
(b), d solution of the diffraction
pattern from (c) for the Al2Cu
phase with zone axis [2 0 1] and
the Al phase with zone axis [-2
1 1]











Si [10 – 3]
(c)(b)(a)
(d)
Fig. 8 Thin foil structure from
the cast aluminum alloy
AlSi9Cu cooled with a rate of
0.16 C s-1: a bright field
image of the Si phase, b dark
field image of the Si phase,
c diffraction pattern from the
area in (a) and (b), d solution of
the diffraction pattern from
(c) for the Si phase with zone









Al5FeSi [136](a) (b) (c)
Fig. 9 Thin foil structure from
the cast aluminum alloy
AlSi9Cu cooled with a rate of
0.16 C s-1: a bright field
image of the Al5SiFe phase,
b diffraction pattern from the
area in (a), c solution of the
diffraction pattern from (b) for
the Al5SiFe phase with zone











(c)(b)(a)Fig. 10 Thin foil structure from
the cast aluminum alloy
AlSi9Cu cooled with a rate of
16 C s-1: a bright field image
of the Mg2Si phase, b dark field
image of the Mg2Si phase,
c diffraction pattern from the
area in (a) and (b), d solution of
the diffraction pattern from
(c) for the Mg2Si phase with
zone axis [0 0 1]
Analysis of crystallization kinetics of cast aluminum–silicon alloy 71
123
alloys caused by different cooling rates applied to the
cooled samples were not detected. Changes in the cooling
rate influence the morphology of the occurring phases in
the investigated alloys, especially the morphology change
of the b phase.
Based on the performed investigations concerning the
phase and chemical composition, as well as the literature
data and presented data on the phase equilibrium diagrams,
the following phase crystallization sequence of the cast
AlSi9Cu aluminum alloy was determined [1–5]:
1: L ! Alprim ð4Þ
2: L ! aþ bþ Al5FeSi ð5Þ
3: L ! aþ Al2Cu þ Mg2Si þ b ð6Þ
Metallographic investigation results performed on light
microscope (Fig. 12) indicate that the AlSi9Cu cast alu-
minum alloys have a matrix structure consisting of the a
solid solution and a discontinuous b-Si phase in form of
grains forming the a ? b eutectic. The investigated alloys
are characterized by the presence of b-Si phase in form of
large irregular plates with sharp corners placed in the
matrix in a disordered manner, as well as with a large
interfacial distance (Fig. 12). Increase in the cooling rate
causes a homogenization of the structure of the investi-
gated alloys, reduction in the interfacial distance of the
a ? b eutectic, and transition of a lamellar structure into
needle or fiber shaped. Moreover, the structure of the
investigated alloys is characterized by needle-shaped
(Fig. 13a), characteristic Chinese-like characters particles
(Fig. 12) of the Al5FeSi phase that are generally formed
near the a ? Al2Cu ? Mg2Si ? b eutectics (Fig. 13b). In
the investigated cast AlSi9Cu aluminum alloy, the Al2Cu
phase is present as a component of the triple eutectic as
well as a separate colored in brown precipitation of irreg-
ular shape (Fig. 13b).
Analyzing the effect of cooling rate on the grain size, it
was found that for each investigated sample, the cooling
rate increase causes grain refinement and change of the
secondary dendrite arm spacing. The increase in cooling
rate from 0.16 to 1.25 C s-1 for the investigated alloy
causes more than twice a decrease in the grain size
(Tables 3, 4). As the investigations reveal, the cooling rate
has a crucial influence on the secondary dendrite arm
spacing. This distance for the investigated alloy cooled
with a rate of 0.16 C s-1 is equal 79.05 lm. The increase







Fig. 12 Structure of the cast
AlSi9Cu aluminum alloy cooled
with a cooling rate of a,
































































































Fig. 11 X-Ray diffraction of the cast AlSi9Cu aluminum alloy
slowly cooled without forced cooling 0.16 C s-1
72 T. Tan´ski et al.
123
dendrite arms spacing more than three times to a value of
23.26 microns (Tables 3, 4).
Generally, it can be found that the increase in the
cooling rate for the investigated alloys does not raise the
nucleation temperature of a phase dendrites, as well as the
nucleation temperature of eutectic a ? b, however, sig-
nificantly affect the solidus temperature reduction.
Mechanical properties such as hardness of magnesium
alloys are strongly dependent on the grain size, which is, on
the other hand, shown above, dependent on the cooling
rate. As a result of structure changes of the investigated
alloys due to changes in cooling conditions, the mechanical
properties of these alloys increase. Change in the cooling
rate in the range of 0.16 to 1.25 C s-1 causes an increase
in hardness from 69 to 95 HRF.
Conclusions
Application of the UMSA platform (Universal Metallur-
gical Simulator and Analyzer) allows it to determine the
liquidus/solidus points of the solidified alloy directly from
the cooling curve, after some calculations. Also, the points,
where a phase or eutectic crystallization occurs, could be
determined using this method.
In general, analyzing the effect of cooling rate influence
on the grain size, it was found that for each investigated
sample, the cooling rate increase causes grain refinement
and change of the secondary dendrite arm spacing. The
investigations reveal that the cooling rate has a crucial
influence on the secondary dendrite arm spacing, as well as
for the grain size. For example, the cooling rate increases
from 0.16 to 1.25 C s-1 two and half times a decrease in
the grain size. The increase in cooling rate to 1.25 C s-1
also results in a rise of the dendrite arm spacing more than
three times to 23.26 microns. Changes in grains size caused
an increase in the cooling rate causes by increasing the
hardness of studied aluminum alloy.
The cooling rate of 0.16 C s-1 was chosen, because it
is the measured rate of cooling, which corresponds to freely
cooling of the investigated amount of material in one
sample, whereas the cooling rate of 1.25 C s-1 was cho-
sen as the maximum measurable one. Of course, in
industrial processes, even higher or much higher cooling
rates occur, but the presented data are obtained based on
laboratory arrangement of this experiment.
The investigations performed on the cast AlSi9Cu alu-
minum alloy, using the metallurgical UMSA simulator
with a recording equipment, allowed it to investigate the
interdependencies occurred between phase morphology
and cooling rate using expression thermal analysis. So the
performed investigations allow to determine also the
microstructure changes in a very accurate way. In general,
the increase in the cooling rate causes a homogenization of
the entire structure of the investigated cast AlSi9Cu alu-
minum alloy, reduction in the interfacial distance of the
a ? b eutectic, and transition of a lamellar structure into a
fiber like. In the structure of the investigated alloys, the
needle-like Al5FeSi phase precipitates that are generally
formed near the a ? Al2Cu ? Mg2Si ? b eutectics are
found. In the investigated cast AlSi9Cu aluminum alloy
also the Al2Cu phase is present in the triple eutectic.
Table 3 Mean grain size, grain density, and the secondary dendrite
arm spacing—k2, of the AlSi9Cu alloy, cooled with the cooling rate
of 0.16 C s-1
Measured value Mean value Min. Max.
Grain size/lm 5284.89 4162.67 5900
Grain density/10-7 lm-3 5.76 3 9
k2/lm 79.05 61.03 92.52
Table 4 Mean grain size, grain density, and the secondary dendrite
arm spacing—k2, of the AlSi9Cu alloy, cooled with the cooling rate
of 1.25 C s-1
Measured value Mean value Min. Max.
Grain size/lm 2111.78 1913.66 2322
Grain density/10-7 lm-3 45.12 25 62






Fig. 13 Structure of the cast
AlSi9Cu aluminum alloy cooled
with a rate of a 0.16 C s-1,
b 0.48 C s-1
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